We demonstrate that the structure of an optical frequency comb transferred over several km of fiber can be preserved at a level compatible with the best optical frequency references currently available.
Introduction
Much research has recently been undertaken on the transfer of ultra-stable single frequencies over long lengths of dark optical fiber and fiber carrying data traffic. The research has been driven mainly by the need to compare state-of-theart optical clocks in distantly located laboratories. However, in dedicated dark-fiber research networks a large optical bandwidth is available, making it possible to transfer a frequency comb rather than a single optical frequency [1] . We have previously shown that microwave frequencies can be transferred over research networks with a stability and accuracy compatible with state-of-the-art frequency standards by using the mode spacing of an optical frequency comb [2] . However, although preliminary experiments were carried out on a 1.5 km uncompensated fiber link [3] , the issue of how accurately it is possible to preserve the optical comb structure over a long length of fiber has not been addressed until now. Here, we show for the first time that this is possible at a fractional accuracy a factor of three more accurate than the best optical clock reported to date [4] . This performance is achieved by using an optical phase detection technique, which is related to one previously used in [5] , to cancel the environmentally induced fiber noise. This approach provides orders of magnitude higher sensitivity than techniques based on microwave detection. 
Experimental setup
The fiber phase noise cancellation principle is illustrated in Fig. 1 . A commercial 1.56 mm amplified erbium-doped mode-locked fiber laser (MLL) generates a pulse train with a repetition rate of f r = 100 MHz. This frequency comb is propagated over 7.7 km of spooled single mode fiber (SMF) to the receiver end (located in the same laboratory) where a portion is returned to the transmitter end via the same fiber. A dispersion compensating fiber module (DCF) recompresses the pulses to a duration of less than 100 ps. The returned frequency comb is combined with the original comb after the latter has been frequency shifted by f AOM = 104 MHz using an acousto-optic modulator (AOM) and the beat notes between their optical modes are detected with a photodiode. A free-space delay line is adjusted to achieve appropriate temporal overlap between the local and the returned pulse trains. Optical path length changes arising from environmental perturbations to the fiber cause changes of the beat frequencies due to the Doppler shift. We detect one of these beats and compare it with a maser-referenced synthesizer, generating an error signal which is applied to two fiber stretchers and a thermally controlled fiber spool to compensate for fast and slow phase fluctuations respectively.
Results
To determine the stability and accuracy of the transferred optical modes a continuous-wave (CW) 1542 nm laser stabilized to an ultra-low-expansion glass optical cavity is used as a common reference against which a selected optical comb mode frequency is measured before and after the fiber link (Fig. 2a) . At each end a beat is generated between a selected comb line and the CW laser. Any difference observed between the two beat frequencies arises from the fiber noise since changes in the frequency of the CW laser are common mode. The frequency stability calculated from the phase comparison of these two frequencies (Fig. 2b) using two measurement bandwidths. The stability is 4 × 10 −17 and 5 × 10 −15 at 1 s for a 7 Hz and 200 kHz bandwidth respectively. At a few thousand seconds, the stability is better than 3 × 10 −18 for both cases. The mean frequency offset between the two beats corresponds to a transfer accuracy for the optical mode frequency of 2.6 × 10 −18 . We also measured the stability and accuracy of the transferred repetition rate by phase comparing it with that extracted directly at the output of the mode-locked laser. The stability was measured to be 1.8 × 10 −15 at 1 s and 7 × 10 −17 at 100 s and the accuracy to be 4 × 10 −17 . 
